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Abstract

Periodontitis is a chronic infectious disease for which the fundamental treatment is to reduce

the load of subgingival pathogenic bacteria by debridement. However, previous investiga-

tors attempted to implement a nuclear factor kappa B (NF-κB) decoy oligodeoxynucleotide

(ODN) as a suppressor of periodontitis progression. Although we recently reported the

effectiveness of the ultrasound-microbubble method as a tool for transfecting the NF-κB
decoy ODN into healthy rodent gingival tissue, this technique has not yet been applied to

the pathological gingiva of periodontitis animal models. Therefore, the aim of this study was

to investigate the effectiveness of the technique in transfecting the NF-κB decoy ODN into

rats with ligature-induced periodontitis. Micro computed tomography (micro-CT) analysis

demonstrated a significant reduction in alveolar bone loss following treatment with the NF-

κB decoy ODN in the experimental group. RT-PCR showed that NF-κB decoy ODN treat-

ment resulted in significantly reduced expression of inflammatory cytokine transcripts within

rat gingival tissues. Thus, we established a transcutaneous transfection model of NF-κB
decoy ODN treatment of periodontal tissues using the ultrasound-microbubble technique.

Our findings suggest that the NF-κB decoy ODN could be used as a significant suppressor

of gingival inflammation and periodontal disease progression.

Introduction

Periodontitis is a chronic infectious disease that is caused by the accumulation of bacteria, and

it leads to the destruction of the surrounding periodontal structure, including pocket deepen-

ing, attachment loss, and alveolar bone loss [1]. The fundamental treatment for periodontitis is

still to reduce the load of subgingival pathogenic bacteria by instrumental debridement via sur-

gical or non-surgical approaches [2]. However, complete removal of pathogenic biofilms is dif-

ficult, as some pathogens are embedded in soft tissues and/or located in anatomically
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inaccessible areas. Therefore, antibiotics or antiseptics are sometimes applied as adjuvant treat-

ments for periodontal infection in combination with mechanical instrumentation [3].

Nuclear factor kappa B (NF-κB) is a common signaling molecule involved in many types of

inflammation, and in particular, is known to play an important role in the initiation of

immune and inflammatory reactions in periodontal tissues [4]. NF-κB was the first transcrip-

tion factor found to bind a DNA element in a kappa immunoglobulin light-chain enhancer

[5]. The expression and activation of NF-κB initiates a downstream signaling cascade involv-

ing various inflammatory cytokines, including interleukin-1β (IL-1β) and tumor necrosis fac-

tor-α (TNF-α), as well as several adhesion molecules, such as intercellular adhesion molecule-

1 (ICAM-1) [6]. Receptor activator NF-κB ligand (RANKL) is widely recognized as a key fac-

tor involved in osteoclastogenesis and as a regulator of NF-κB activation [7]. Several previous

studies suggested that transfection of target cells and tissues with a NF-κB decoy oligodeoxy-

nucleotide (ODN), which has a sequence similar to the NF-κB DNA binding site and selec-

tively blocks NF-κB activation, is an efficient method for suppressing NF-κB function [8, 9].

Indeed, previous studies have shown that this decoy ODN successfully suppresses the symp-

toms of various inflammatory and autoimmune diseases, including atopic dermatitis and

immunorejection [10–12].

Of particular interest is the methodology used for transfecting cells or tissues with the

decoy ODN, which often includes the use of ointments and injections. Recently, however, a

new method for decoy ODN transfection was proposed involving ultrasound and microbub-

bles [13–16]. Microbubbles have the potential to be highly proficient drug/gene delivery

devices, as they create small holes on the cell surface, allowing for easy and rapid gene transfec-

tion and drug delivery [17, 18]. Specifically, it appears that the core of the cavitation of the

microbubble is altered by ultrasound stimulation, resulting in more holes being made in cells

close to the microbubble compared with those created in experiments conducted without

ultrasound stimulation. Suzuki et al. and Inagaki et al. successfully utilized this method to

transfect arterial tissues with decoy ODN and to investigate the resulting suppressive effects of

this decoy on target gene expression [19, 20]. Similarly, we recently demonstrated the effective-

ness of the ultrasound-microbubble approach as a tool for transfecting the NF-κB decoy ODN

into healthy rodent gingival tissue in vivo [21]. However, the ultrasound-microbubble tech-

nique has yet to be applied to the treatment of periodontitis in animal models.

The objective of this study was to investigate whether transfection of the NF-κB decoy

ODN via the ultrasound-microbubble technique could effectively prevent gingival inflamma-

tion and alveolar bone loss in a rat model of ligature-induced periodontitis.

Materials and methods

Animals

In total, 36 six-week-old male Wistar/ST rats (Sankyo-lab, Tokyo, Japan) were randomly

assigned to three groups (n = 12 each): control, P (periodontitis model), and PUM (periodon-

titis model with ultrasound-microbubble-mediated application of NF-κB decoy ODN). All

treatments were performed following anesthetization via intraperitoneal injection of 6% pen-

tobarbital sodium (10 ml/kg) (Somnopentyl, Kyoritsuseiyaku, Tokyo, Japan). All animal

experiments were approved by the Institutional Animal Care and Use Committee of Tokyo

Medical and Dental University (#0160308A, #0170210A).

NF-κB decoy ODN transfection

Transfection of NF-κB decoy ODN was performed as previously described [21]. The phos-

phorothioate NF-κB decoy ODN sequences utilized were as follows: 5'-CCTTGAAGGGA

Inhibition of periodontitis via ultrasound-microbubble-mediated transfection of an NF-κB decoy
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TTTCCCTCC-3' and 3'-GGAGGGAAATCCCTTCAAGG-5'. For irradiation, a Sonitron 2000

ultrasound machine (Nepa Gene, Tokyo, Japan) equipped with a 3.0 mm (diameter) probe

(Nepa Gene) was utilized, according to the manufacturer’s instructions [22]. For this proce-

dure, 90 μl of the NF-κB decoy (10 μg) was added to 20 μl of the microbubbles (SV-25; Nepa

Gene), and the mixture was suspended in 90 μl of echo gel.

To generate the periodontitis model, rats were allowed to adapt to laboratory conditions for

1 week, after which a sterilized 5–0 silk ligature was tied around the cervix of each bilateral

maxillary second molar of the rats in the P and PUM groups, as previously described [23]. To

inhibit periodontitis progression, the maxillary gingiva of the rats in the PUM group were

transfected with the NF-κB decoy ODN via the ultrasound-microbubble technique every 2

days for 2 weeks in accordance with a previous study [24]. After ligation, NF-κB decoy gel was

applied to the palatal gingiva on both sides of the rat maxillae. Next, ultrasound radiation was

immediately applied to the gingiva of the animals in the PUM group (Fig 1). All rats in this

group were maintained without any food or water for 2 hours after radiation to increase the

effectiveness of the inoculation. All rats were sacrificed via a carbon dioxide stunning method

at 7 or 14 days after ligation, and the maxillae of each rat were dissected and analyzed as

described below.

Micro-CT analyses

Alveolar bone morphology and quality were analyzed by cone-beam micro-computed tomog-

raphy using an SMX-100CT system (Shimadzu, Kyoto, Japan) and 3D trabecular bone analysis

software (TRI/3D-BON; RATOC System Engineering Co., Tokyo, Japan). After scanning of

the alveolar bone around the maxillary second molar, three-dimensional microstructural

image data were reconstructed, and structural indices were calculated with TRI/3D-BON soft-

ware. The distances between the alveolar bone crest (ABC) and the cement enamel junction

(CEJ) in the mesiodistal direction of the maxillary second molars were also determined using

TRI/3D-BON software (Fig 2A) [25]. Average ABC–CEJ distances were used to evaluate the

amount of alveolar bone loss. The cross-sectional image was defined such that the mesial pala-

tal root and distal palatal root of M2 were parallel at CEJ height.

To analyze the volume of alveolar bone around the maxillary second molar on day 14 after

ligation, we assessed the bone volume using a previously described method [26]. For calibra-

tion, the region of interest (ROI) was determined according to the size of the second molar,

rather than forming a fixed ROI for each sample, in consideration of differences in the sizes of

the maxillary second molars. Axially, a rectangle that was 0.33 mm from the tooth crown in

each direction was set as the ROI (Fig 2B and 2D). Vertically, coronal halves of the slices

through the mesial root apex to the CEJ were included in the volume of interest (VOI) (Fig 2C

and 2E). Therefore, a standard VOI suitable for tooth size was formed for each second molar.

Tooth parts were removed from the VOI, and the remaining bone volume of the VOI was

recorded in mm3 (Fig 2F).

Microdissection and quantitative PCR analyses

Frozen non-decalcified sections were prepared for histological investigation using a cryofilm-

transfer kit (Finetec, Gunma, Japan), as previously described. The maxillae isolated as

described above were frozen by quenching in cold hexane, embedded in 5% SCEM (super

cryoembedding medium) gel, and further frozen in cold hexane. The frozen SCEM samples

were then sliced frontally with disposable carbide tungsten steel blades (Leica Microsystems,

Wetzlar, Germany). The trimmed surface was covered with an adhesive film (Finetec, Gunma,

Japan), and each sample was serially sectioned frontally along with the film at a thickness of
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10 μm. For histological analysis of periodontal tissue, the sections were stained with hematoxy-

lin and eosin (H&E) (Leica Microsystems) and observed with an optical microscope (ECLIPSE

80i; Nikon, Tokyo, Japan). The gingival tissue lacking keratinized epithelium layer in each sec-

tion was identified based on HE staining and was collected from the sections with an

LMD7000 laser microdissection apparatus (Leica Microsystems) [27].

Total RNA was extracted from gingival tissues using a RecoverAll Total Nucleic Acid Isola-

tion Kit (Thermo Fisher Scientific, Waltham, MA, USA). Complementary DNA was synthe-

sized from total RNA via reverse transcription with random primers using PrimeScript RT

Reagent Kit (Takara Bio, Shiga, Japan). Quantitative PCR assays were performed in triplicate

for each sample using a 7500 Real-Time PCR System (Applied Biosystems, Foster City, CA,

USA). PCR analyses were conducted using gene-specific primers and fluorescently labeled Taq-

Man probes (Takara Bio). Appropriate primers were chosen for real-time PCR amplification of

genes encoding IL-1β, TNF-α, ICAM-1, RANKL, and Hprt-1. The thermocycling conditions

used were as follows: 95˚C for 30 s, followed by 40 cycles of 95˚C for 5 s and 60˚C for 34 s. Gene

expression levels were calculated according to the ΔΔCt method of relative quantification. The

threshold cycle (Ct) value for each target mRNA (IL1B, TNFA, ICAM1, or RANKL) was normal-

ized to that of the internal control (Hprt1) in the same sample (ΔCt = Cttarget−CtHprt1), followed

Fig 1. Schematic illustration of the ultrasound-microbubble method for transfection of palatal gingival tissues. Immediately after

application of the decoy gel to the tissue area (a) comprising the palatal gingival tissue from the first maxillary molar (M1) to the third

maxillary molar (M3), gingival tissues were transfected with the NF-κB decoy oligodeoxynucleotide (ODN) using a Sonitron 2000 device.

https://doi.org/10.1371/journal.pone.0186264.g001
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by normalization to the control (ΔΔCtP = ΔCtPgroup−ΔCtcontrol; ΔΔCtPUM = ΔCtPUMgroup−
ΔCtcontrol). The fold change in expression was calculated as the relative quantification value

(RQ; 2−ΔΔCt) [28].

Statistical analysis

Statistical calculations were performed using statistical analysis software (IBM SPSS Statistics

Version 20.0; SPSS Statistics, Inc., Chicago, IL, USA). After testing for normality and equal

variance, intergroup comparisons were conducted via one-way analysis of variance (ANOVA)

Fig 2. Depiction of the method used for micro-computed tomography (micro-CT) analysis of rat molars. (A) Linear measurements

were taken of alveolar bone loss in the interdental space from the cement enamel junction (CEJ) to the alveolar bone crest (ABC). (B)

Representative depiction of the region of interest (ROI), which comprised a rectangular area drawn 0.33 mm axially from the tooth crown in

each direction. (C) Representative ROI including, vertically, the coronal halves of the slices through the mesial root apex to the CEJ. (D and

E) Representative three-dimensional (3D) images of the volume of interest (VOI): (D) horizontal view (E) sagittal view. (F) Representative

volumetric measurement obtained using the 3D-generated ROI. Colored regions (blue: mesial palatal root of M2, orange: distal palatal root

of M2, red: mesial buccal root of M2, yellow-green: distal buccal root of M2, light blue and yellow: distal root of M1, green: mesial root of M3)

indicate tooth parts that were removed from the VOI for measurement of the alveolar bone volume.

https://doi.org/10.1371/journal.pone.0186264.g002

Inhibition of periodontitis via ultrasound-microbubble-mediated transfection of an NF-κB decoy

PLOS ONE | https://doi.org/10.1371/journal.pone.0186264 November 1, 2017 5 / 15

https://doi.org/10.1371/journal.pone.0186264.g002
https://doi.org/10.1371/journal.pone.0186264


and Tukey’s post-hoc testing. Results are presented as the mean ± standard error (n = 6 each).

Differences were considered to be significant at P< 0.05.

Results

Suppression of alveolar bone loss and gingival inflammation by NF-κB
decoy ODN treatment via ultrasound-microbubble method according to

micro-CT and histological analyses

The body weights of the rats in the three groups were statistically equivalent throughout the

experimental period (refer to S1 Table). Subsequent micro-CT analysis of alveolar bone loss

detected bone resorption, as evidenced by marked increases in the ABC–CEJ distances in the

mesiodistal direction of the maxillary second molars, in the rats in the P group compared with

those in the control group on days 7 and 14 after ligation (Fig 3A and 3B). Notably, this dis-

tance was reduced in the PUM group compared with that in the P group, and there was no sig-

nificant difference in the ABC–CEJ distances of the control and PUM groups on days 7 and

14. In addition, the ABC–CEJ distance between M1 and M2 in the VOI on day 14 was signifi-

cantly larger than that on day 7 in the P group. In contrast, the distances between M2 and M3

were statistically equivalent on days 7 and 14. The volume of alveolar bone around the maxil-

lary second molar on day 14 after ligation was significantly smaller in the P group than in the

control and PUM groups; there was no significant difference between the volumes in the con-

trol and PUM groups on day 14 after ligation (Fig 4). The histological features of the periodon-

tium in the P group rats indicated some inflammatory responses such as vasodilation, increase

of the blood cell components in the gingival connective tissue, and thickening of the junctional

epithelial layer (Fig 5B-a and 5B-b), compared to that of the control group. In contrast, the his-

tological features of the PUM group rats showed suppression of gingival inflammatory

responses, comparing to that of the P group (Fig 5B-c and 5B-d). Additionally, no histological

damage or abnormality was detected in the PUM group.

Suppression of gingival expression of inflammatory cytokines by NF-κB
decoy ODN treatment

On day 7 after ligation, the mRNA expression levels of IL1B and ICAM1 in P group palatal gin-

gival tissues extracted by laser microdissection were significantly higher than those in the con-

trol group, which were in turn significantly higher than those in the PUM group (Fig 6A).

Although there was no significant difference in expression levels between the control and P

groups on day 14, expression in the P group remained significantly higher than that in the

PUM group (Fig 6B). In addition, the mRNA expression levels of TNFα and RANKL were

eight-fold and three-fold higher in the P group than in the control and PUM groups, respec-

tively, on both days 7 and 14 (Fig 6A and 6B). Conversely, there was no significant difference

in expression between the control and PUM groups. In contrast, the buccal gingival tissues

showed no significant difference between the P group and PUM group on day 7 (Fig 7A) and

day 14 (Fig 7B). In contrast, the relative mRNA expression of ICAM1 on day 7 in the P group

was significantly higher than that in control group (Fig 7A) and that of TNFα on day 14 in the

P group and PUM group was significantly higher than that in the control groups (Fig 7B).

Discussion

We previously reported that the ultrasound-microbubble method could be used as an effective

tool to transfect NF-κB decoy ODN into rodent periodontal tissues [21]. However, in that pre-

vious study, we used only healthy mice as targets. In this study, we applied the ultrasound-

Inhibition of periodontitis via ultrasound-microbubble-mediated transfection of an NF-κB decoy
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microbubble technique to transfect the NF-κB decoy ODN into the gingiva of rats with liga-

ture-induced periodontitis, and then evaluated the effectiveness of this decoy ODN as a poten-

tial treatment modality against periodontitis progression. The ligature-induced periodontitis

model utilized in this study was consistent with that used in previous studies. For example,

Toker et al. induced periodontitis by binding silk sutures around rat molars and reported that

plaque and bacteria accumulation increased in the region where the silk sutures contacted the

tissue [29]. However, to the best of our knowledge, ours is the first study to evaluate the effi-

cacy of a decoy ODN in treating periodontitis.

To evaluate the effects of decoy ODN-mediated NF-κB suppression, we examined the

expression levels of the genes encoding IL-1β, TNF-α, ICAM-1, and RANKL in treated and

untreated gingival tissues. Notably, each of these cytokines and cell adhesion molecules is

known to play crucial roles in the progression of periodontal disease. Specifically, in alveolar

bone, IL-1β is known to stimulate bone resorption and inhibit bone formation [30]. In addi-

tion, Stashenko et al. suggested that there is a positive correlation between IL-1β/TNF-α
expression in the gingiva and levels of attachment loss and progression of periodontitis [31].

Moreover, it has been revealed that T cells support spontaneous osteoclastogenesis in peri-

odontal patients via RANKL and TNF-α overexpression [32, 33]. Previous studies have shown

that RANKL and TNF-α are co-regulated and that TNF-α induces RANKL expression in the

gingival epithelium and connective tissue [34, 35]. Lastly, the cell adhesion molecule ICAM-1

is a transmembrane protein that is often expressed in endothelial tissues and leukocytes, and

has been shown to play a key role in cell–cell interactions. Furthermore, ICAM-1 appears to

facilitate the endothelial transmigration of leukocytes in the initial stage of gingival inflamma-

tion [36]. As these essential proteins are all regulated by NF-κB, this transcription factor is

thought to be a critical modulator of the progression of periodontitis.

Several studies have reported novel methods for drug/gene delivery into the gingiva, includ-

ing antimicrobial drug-eluting implants [37], the delivery of naked plasmid DNA with ultra-

sound and bubble liposomes [38], and decoy ODN transfection via injection into the gingiva

Fig 3. Alveolar bone loss in control, periodontitis (P), and periodontitis with ultrasound-microbubble-mediated application of NF-

κB decoy oligodeoxynucleotide (ODN) (PUM) in rats. Graphic depictions of the mean alveolar bone loss (mm) between (A) the first (M1)

and second (M2) maxillary molars and (B) M2 and the third maxillary molar (M3) in the rats in each group. Results are expressed as the

mean ± standard error (n = 6) of the distance from the cement enamel junction (CEJ) to the alveolar bone crest (ABC. *P < 0.05; N.S., not

significant).

https://doi.org/10.1371/journal.pone.0186264.g003
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Fig 4. Three-dimensional analysis. (A, B and C) Three-dimensional images of rats with periodontitis (P); A: buccal side view, B: occlusal

surface view, C: palatal side view. (D, E and F) Three-dimensional images of periodontitis with ultrasound-microbubble-mediated

application of NF-κB decoy oligodeoxynucleotide (ODN) (PUM) in rats; D: buccal side view, E: occlusal surface view, F: palatal side view.

(G) Alveolar bone volume in control, P, and PUM rats. Graphic depiction of alveolar bone volume (mm3) in the rats in each group. Results

are expressed as the mean ± standard error (n = 6) of the volume of alveolar bone. *P < 0.05.

https://doi.org/10.1371/journal.pone.0186264.g004
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dogs [39]. In this study, we sought to determine the feasibility of using the ultrasound-micro-

bubble technique, which was developed by Inagaki et al., for transfection of gingival tissues

with the NF-κB decoy ODN [20]. Notably, this method was previously shown to effectively

enable the transfection of decoy ODNs, genes, or drugs in a non-invasive, efficient, rapid, and

Fig 5. Histological images of the P and PUM groups. Comparative HE staining images taken at the M2 of representative rats in the P and

PUM groups. The images on the right are magnified views of the inset in the corresponding left images. (A) Schematic illustration of these

coronal sections in P and PUM groups. The inset in the schematic illustration indicates the area of the B images. (B- a, b) The periodontium

of the P group rats showed increases in the capillaries (black arrows) and thickening of the junctional epithelium (yellow arrows). (B- c, d)

The periodontium of the PUM rats showed decreased inflammatory response compared to the P group. Lig: silk ligature, E: junctional

epithelium, C: gingival connective tissue. Bar = 100 μm.

https://doi.org/10.1371/journal.pone.0186264.g005
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focal manner. Microbubble treatment results in the formation of small holes in cell mem-

branes, which allow the immediate passage of genes, drugs, or in this case, decoy ODN, into

the cell cytoplasm [40]; the holes then disappear immediately, resulting in no lasting damage

[41]. Our previous research showed that the ultrasound-microbubble technique can be used to

successfully deliver decoy ODN to gingival tissues 2 hours after transfection [21].

In this study, we investigated the suppressive effect of ultrasound-microbubble transfected

NF-κB decoy ODN on alveolar bone loss caused by periodontitis by measuring the ABC–CEJ

distance and the volume of alveolar bone around the maxillary second molar on days 7 and 14

after ligation. In the P group, the ABC–CJE distance between M1 and M2 on day 14 was

Fig 6. Evaluation of the expression of periodontitis markers of palatal gingiva in control, periodontitis (P), and periodontitis with

ultrasound-microbubble-mediated application of NF-κB decoy oligodeoxynucleotide (ODN) (PUM) in rats. Relative expression

levels of IL1B, TNFα, ICAM1, and RANKL within the palatal gingival tissues of rats in each group (n = 6 per group) were determined by

RT-PCR analysis at (A) 7 days and (B) 14 days post-treatment. The mRNA expression levels in the control group were set to a value of 1.

Data are presented as the mean ± standard deviation for each group. *P < 0.05.

https://doi.org/10.1371/journal.pone.0186264.g006

Fig 7. Evaluation of the expression levels of periodontitis markers in the buccal gingiva in control, periodontitis (P), and

periodontitis with ultrasound-microbubble-mediated application of NF-κB decoy ODN (PUM) in rats. The relative expression levels

of IL1B, TNFα, ICAM1, and RANKL within the buccal gingival tissues of rats in each group (n = 6 per group) were determined by RT-PCR

analysis at (A) 7 days and (B) 14 days post-treatment. The mRNA expression levels in the control group were set to a value of 1. Data are

presented as the mean ± standard deviation for each group. *P < 0.05.

https://doi.org/10.1371/journal.pone.0186264.g007
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statistically larger than that on day 7, but the distance between M2 and M3 was statistically

equivalent at the two time points. This discrepancy could be due to the pressure or presence of

the knot in the silk ligatures preferentially causing alveolar bone loss on the mesial side of M2.

In addition, in the histological analysis, inflammatory responses representative of the progres-

sion of periodontitis, such as thickening of the junctional epithelium and vasodilation in the

gingival connective tissue [42, 43] were effectively suppressed in the PUM group. We also

showed overexpression of IL1B, TNFα, ICAM1, and RANKL mRNA in the palatal gingival tis-

sues of periodontitis model rats, which is consistent with previous reports [39, 44, 45]. How-

ever, on day 14 after ligation, the expression of ICAM1 in the P group was not higher than that

in the control group, in contrast to day 7. Previous research indicated that the expression of

ICAM1 is regulated by certain inflammatory cytokines, including IL-1β and TNF-α [46], and

that ICAM-1 plays an important role in the initial stage of periodontitis [47]. Our current

results indicate that ICAM-1 is produced and functions during the relatively early period of

periodontitis. In contrast, in the PUM group, the expression levels of IL1B, TNFA, ICAM1,

and RANKL were all lower than those in the P group on both days 7 and 14 after ligation.

Based on these results, we conclude that transfection of the NF-κB decoy ODN can suppress

the overexpression of the downstream factors IL-1β, TNF-α, and ICAM-1 in the palatal gingi-

val tissues of rats with periodontitis. Interestingly, our results revealed that RANKL expression

was also suppressed by the decoy ODN, even though RANKL acts upstream of NF-κB. This

effect could be due to the fact that downregulation of inflammatory cytokines, including IL-1β
and TNF-α, can affect RANKL expression in the periodontium [48]. Additionally, in buccal

gingival tissue, there were no significant differences in the expression of IL1B, TNFα, ICAM1,

and RANKL between the P and PUM groups. The expression of ICAM1 in the P group on day

7 and that of TNFα in the P and PUM groups on day 14 were significantly higher than those in

the control group. These remarkable results suggest that the ultrasound-microbubble tech-

nique irradiated from the palatal side had limited effective areas and also suggest differences in

gingival responses in ligature-induced periodontitis model rats between the palatal and buccal

gingiva. Further analysis is necessary to determine the mechanism underlying these results.

Therefore, we conclude that the NF-κB decoy ODN is capable of reducing the expression of

these inflammatory mediators; as a result, this environment of attenuated inflammation might

control RANKL activation, thereby preventing alveolar bone loss. These results demonstrate

the usefulness of the ultrasound-microbubble technique as a method for NF-κB decoy ODN

transfection into gingival tissues under inflammatory conditions, similar to arterial injury in

mice [20]. Moreover, the NF-κB decoy ODN acts in gingival tissues as a suppressor of inflam-

matory cytokine and cell adherence molecule overexpression, which results from periodontitis.

A limitation of this research, however, is that we used a ligation-induced periodontitis model

without periodontal pathogens. Further investigation is therefore required to clarify the effi-

cacy of this method in the context of infections with periodontal bacteria before development

and application of this novel treatment modality for periodontitis.

In conclusion, we have established a method for transcutaneous transfection of the NF-κB

decoy ODN into periodontitis lesions using the ultrasound-microbubble technique. Our find-

ings suggest that this decoy ODN acts as a suppresser of gingival inflammation and of peri-

odontal disease progression.
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